PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICA TION PUBLISHED UNDER THE PAT ENT COOPERATION TREATY (PCX) 



(51) International Patent Classification 6 : 

H01L 21700, G05B 19/418 ^<^^ 



(21) International Application Number: PCT/US98/1 1320 

(22) International Filing Date: 8 June 1998 (08.06.98) 



(11) International Publication Number: WO 98/57358 

(43) International Publication Date: 17 December 1998 (17.12.98) 



(30) Priority Data: 

08/871,746 



9 June 1997 (09.06.97) 



US 



(71) Applicant: APPLIED MATERIALS, INC. [US/US]; 3050 
Bowers Avenue, Santa Clara, CA 95054 (US). 

(72) Inventor: JEVTIC, Dusan; 444 Saratoga Avenue #34B, Santa 
Clara, CA 95050 (US). 

(74) Aeents: MOSER, Raymond, R. f Jr. et al.; Applied Materials, 
(74) Agen« p M ^ ^ cia ^ ca 95Q52 (US) 



(81) Designated States: JP, KR, SG, Eiiropeanpatent (AT .BE, CH, 
CV", DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, 
PT,'sE). 



Published 



With international search report 
Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



METHOD AND APPARATUS FOR AUTOMATICALLY GENERATING SCHEDULES FOR WAFER PROCESSING 
(54) ™ 6: wS a^T^MBER SEMICONDUCTOR WAFER PROCESSING TOOL 



(57) Abstract 

A method and apparatus for producing schedules for a wafer in a mvddchambe* 
semiconductor wafer processing tool comprising the steps of providing a ttace 
Stag a series of chambers that are visited by a wafer as the wafer is processed by 
TZl initiatizing a sequence generator with a value of a variable defining nrtud 
wafer positioning within the tool; generating all successor variables for the miba 
Ste value to produce a series of values of the variable that represent a parturt 
Khedule- backtracking through the series of variables to produce further partial 
Se*!«;^*Sg the backtracking when all possible variable combmattons 
SSuceTuiat represent all possible valid schedules for the ttace. All the possible 
schE^ analyzed to determine a schedule that produces the highest throughput 
of all the schedules. 
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MKTHOD ABB APPARATUS FOR AUTOMATICALLY GEHERATIHG 
S ™ULES FOR WAFER PROCESSING WITHIH A MULTICHAMBER 
SEMICONDUCTOR WAFER PROCESSING TOOL 

5 ^ArK r rR nT1WD nF !tHE INVENTION 

1. Field of the Invention 

The present invention relates to a multiple chamber 
wafer processing tool and, more particularly, to a method 
and apparatus for automatically generating a" schedule (s) for 
10 a semiconductor wafer within a multiple chamber 
semiconductor wafer processing tool. 



2. Description of the Background Art 
Semiconductor wafers are processed to produce 
15 integrated circuits using a plurality of sequential process 
steps. These steps are performed using a plurality of 
process chambers. An assemblage of process chambers served 
by a wafer transport robot is known as a multiple chamber 
semiconductor wafer processing tool or cluster tool. FIG. 1 
20 depicts, in part, a schematic diagram of an illustrative 
cluster tool known as the Endura® System manufactured by 
Applied Materials, Inc. of Santa Clara, California. 

The cluster tool 100 contains, for example, four 
process chambers 104, 106, 108, 110, a transfer chamber 112, 
25 a preclean chamber 114, a buffer chamber 116, a wafer 

orienter/degas chamber 118, a cooldown chamber 102, and a 
pair of loadlock chambers 120 and 122 . Each chamber 
represents a different stage or phase of semiconductor wafer 
processing. The buffer chamber 116 is centrally located 
30 with respect to the loadlock chambers 120 and 122, the wafer 
orienter/degas chamber 118, the preclean chamber 114 and the 
cooldown chamber 102. To effectuate wafer transfer amongst 
these chambers, the buffer chamber 116 contains a first 
robotic transfer mechanism 124. The wafers 128 are 
35 typically carried from storage to the system in a plastic 
transport cassette 126 that is placed within one of the 
loadlock chambers 120 or 122. The robotic transport 
mechanism 124 transports the wafers 128, one at a time, from 
the cassette 126 to any of the three chambers 118, 102, or 
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30 
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114 • ^ ic ally, a gi ven wafer . g ' 

orxenter/degas chamber lis th.n ed in the wa ^r 

^r lu . The cool ™' c ^:°;r 2 r he precie - 

untxl after the wafer is process ^ V 9eneraU * not used 
5 chaxnbers 104, 106f 108 ^ T T ^ ^ Pr ° Cess 

upon a wafer transport'^ 1 0 ^ ^ <™ 

distal end of the f irst * . that " loc *ted at the 
—port operation J ^ ^ «" 

The transfer chamber li 2 •! * se <^ncer l 36 . 
l ° access to the four process ch k ^ * 

as the preclea! ^ 108 - "° - 

102. To effectuate transplt 0 a 1 ^ C ^ 
chambers, the transfer chLe r L the 
transport mechanism 132. The " C ° ntainS a Seco ** robotic 

5 t r sport biade 134 ^kTz 1 ! 2 a wafer 

the individual wafers m nn ' d " tal end ** carrying 
— 134 of the second ^ "ech^ ^ *~ 
wafer from the preclean cha^e uITT " ^ a 
to the f irst stage of pro ™ U and — ies that wafer 

5 T r d6P0Siti0n <™> stag w " hin c^ 1 ^ 3 PhySiCal 
wafer is processed 104. once the 

wafer, the wafer can theTj T raat ~-l'upon 
Processing and so on. * t0 a secon d 

stage of 

«- Process cha^ r »a — «- «« fro„ 

ch^er usin 9 the flrst tr ^ r ™ fr ™ «- cooldown 

buffer chamber U 6. Lastly^ " 4 " ithin *• 

transport cassette ^ *• wafer is placed t „ 

More generally. . "j ust l0adl °* <*"*« 122 . 

denoted by C „ c„ c t0 ° l COntain = - chafers, 

'robots, i 12 Md U6 ' ' ° ne ° r rao " transfer chairs 

*- exact arrange otZZs^T^ U ° ~ 
referred to as the "confiourati - blocks i s 

to be processed is taken L™ T f t001 ' * « 
successively into variol^r^^^^ 
3 ^ticular Process upon the X 
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A wafer's trace is the trajectory of a particular wafer 
through the cluster tool; that is, a trace is the order in 
which chambers are visited by a wafer (not necessarily C io 
after . This should be distinguished from the term 
5 "processing sequence" which is the order of applying 

processes (recipes) to a wafer. If more than one chamber 
performs the same process (parallel chambers), a given 
processing sequence may be satisfied by several different 
traces . 

10 ' A wafer which completes its processing sequence and is 

returned to the loadlock is said to be processed by the 
tool. Roughly speaking, a tool's throughput is the number 
of wafers processed by the tool per unit of time. That is, 
if the tool needs t seconds to process n t wafers, then 

15 c - 

S - ■'— (3) 

is the tool's throughput measured in the interval [0,t]. 

There are many ways to improve the tool's throughput 
for a given processing sequence. However, one important 
improvement is to use efficient scheduling routines for a 
given processing sequence. 

The optimization of scheduling involves the choice of 
criteria used in deciding when to transfer a wafer from one 
chamber into the next (and which wafers should be moved, if 
any, prior to that move). A routine- which schedules the 
25 movement of wafers through the cluster tool (based on a 
given processing sequence) is referred to as a "scheduling 
routine . * 

The steady-state throughput of a tool under scheduling 
routine A is denoted by S(A) . If n>l then, depending on a 

30 given processing sequence, one may consider a number of 
scheduling routines that fulfill the processing sequence. 
The routine which maximizes the value of throughput is 
deemed the "optimum" routine and the maximum attainable 
value of throughput is known as the tool's "capacity." That 

35 is, if A is the set of all possible scheduling routines for 
a given processing sequence, then A* is optimum if 

S(A*)=max{S(A) |A€A} (4) 
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"early. the C ool-s - 

processing se guence as weu y as S< * ' • - siven 

Palters within ^ » and robot 

sr, <especiaiiy - : c L:r: processin9 

possible) is of considerable practi™, •• 

Presently there j« „ . pr aotical unportance. 

fining the bes" schel^ « 
that provides the highe^ul * 
"> IVpiSally, a trlal thr °"*P"t for that trace. 

- determined tnat TSZTs^ * "~ ^ ' «*— 
However, the sufficient th a " t throu *P«. 

throughput that i PotibU S PUt ^ "* ^ »"= 
„ *-fore. a need eSlt ^ £~ f ' 

" aPParatus that determines all possible .1 * Md 
Particular trace and usino . sched "l« Given a 

-ermines the through^ ^TL^ ^ 
"0 selects a schedule for use with P ° SSlble schedul es 

P-vides the mslMm through^ o^ ^ ^ ^ 
20 7 iyuc r °r the given trace. 

schedules, and Lte^i„ lno t T " " eMh ° £ the 

-at in the h i 9 hes:~: u r hedUle « — s that 

-te^r^t 1 :?" i ~ - * ~ o £ 

» «.«. a schedu s "e L^" ^edules. 

a -word-. Each Utt« iTt^ * " U "«" ttat 

Positions of wafers within a ctatTt^ 3 
Positioning of the wafers within the 1 T ' C ° UrSe ' the 
"ace, i.e.. each letter ^llZ « iUUiU 
letter in accordance with , Predecessor 
define the trace. Particular =« of rules that 

Given a letter (input letter) r . 
wafer positions, the i„Lt representing present 

' une ln vention compute*, 
successor wafer positions, i e all P ° 88lble 

i.e., all possible valid 
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successor letters, as well as the total number of successors 
or the input letter. The Invention provides individual 
modules- for successor computation for serial traces 
parallel traces, and mixed; traces . Using a backtrack!™ 

t6Chn r e " rePeaCedlY ™' *™ ^ letter an 
possible successor letters ..u. 

sor letters, and then compute all possible 

successor letters of the successor letters, a schedule ree 
is derived. The schedule tree contains all possible 
schedules that will fulfill a oiven trace 
» -edule can then be modeled to determine th ^ ^ ^ 
throughput of each schedule. By comparing the cLu^put 
assorted with each schedule, an optimal schedule or 
schedules is identified. 



BRIEF PFlSrWTPTIfM n- ?m , r rAWT , n - 

The teachings of the present invention can be readilv 
understood by considering the following detailed descr^L 
in coniunc with ^ accoltwing ^ ^^"on 

Pig. 1 depicts a schematic diagram of a multiple 
chamber semrconductor wafer processing tool being controlled 
by a se^encer that operates using scheduling routines' 
generated by a schedule generator in accordance with he 
present invention; 

Fig. 2 depicts block diagram of schedule generator that 
performs operative steps in accordance with the preslT 
invention; present 

3 depicts a flow diagram of a 4-chamber serial 

30 trace; ^ ' * ^ ° f * 

Fig. 5 depicts a flow diagram of a schedule 
optimization routine of the present invention; 

Flg - 6 de P ic *s a tree diagram representing all possible 
schedules for a 2-chamber serial trace- Possible 
35 FIG. 6A depicts a schematic diagram of a 2-chamber 

serial trace of FIG . 6 showing a wafer in position a 0, • 

S ch e /i 9 " I dSPiCtS 3 treS re ^ s ^ting all possible 

schedules for a 3-chamber serial trace; 



Fig. 
trace; 
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PIG - 7A ^picts a schematic diaoram ^ , 

serial trace of fig 7 u . aia ^ ram of a 3 -chamber 

01 tIG - 7 showing a wafer ■!« « .... 

"is. e depicts a tree diLaT 1M , °' 1 - 0>; 

schedule, for a trace: LL c ,cT, T^ 109 *°ssiole 

5 ftp ox 3 . 1 ^2' L 3^-LL; 

-xed trace of ;;rVsh SCWtiC *— * 9 

schemes as cons true t^T^T 1°^^ 

Pig- 10 depicts a fZ 7 PreSSnt inVentio "«- and 
- Pacing all possible * 

backtracking technique ^ trace usi ^ a 

r; r :r ng ' identicai — 

identical elements Z P ° SSible ' t0 desi ^te 

is ements that are common to the f igures . 

SES&ILSB OESCSlgTiQH 

A. Overview of the Invention 

As discussed above pig id 1 

^ -t produces scheduHn ^ 1^ ~ 50 
2 5 sequencer 136. h are executed by the 

aene ™r loTZ^^Tj' °* 
•V the sequencer to cootr^o 

«- s^ e^ 0 :r" toci 100 ° £ ™- >• 

30 determine an optimal " 
processing sequence and tool cL< 91Ven 
schedule generator is sho™ to ^ AUh ° U9h - th * 

-d download one or ^^oV^ 
filled in the art „i U * "-fencer, those 

35 ^ ""«"«<» °n a processor within £ lnVenU ° n C ° Uld 

The schedule generator 50 contail " 
as well as memory 202 for „•„,■ microprocessor 200 

-tine 210. a Z^lZZilrT^ 
-duling routine,, .-L^^ « 
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The microprocessor 200 cooperates with conventional support 
circuitry 206 such as power supplies, clock circuits, cache, 
and the like as well as circuits that assist in executing 
the software routines. As such, it is contemplated that 
5 some of the process steps discussed herein as software 
processes may be implemented within hardware, e.g., as 
circuitry that cooperates with the microprocessor to perform 
various process steps. The schedule generator 50 also 
contains input/output circuitry 208 that forms an interface 

10 between conventional input/output (I/O) devices 214 such as 
a keyboard, mouse, and display as well as an interface to 
the sequencer. Although the schedule generator 50 is 
depicted as a general purpose computer that is programmed to 
determine scheduling routines in accordance with the present 

15 invention, the invention can be implemented in hardware as 
an application specific intergrated circuit (ASIC) . As 
such, the process steps described herein are intended to be 
broadly interpreted as being equivalently performed by 
software, hardware, or a combination thereof. 

20 The automatic schedule generator 50 of the present 

invention executes a schedule generation routine 210 that 
generates all possible schedules for a given trace, a 
schedule optimization routine 212 facilitates an automated 
process of producing an optimum schedule for a given cluster 

25 tool using an exhaustive search of all possible schedules. 
The following definitions are used throughout this 
disclosure: 

"Tool configuration" describes physical placement of 
chambers within a cluster tool. For example, the tool may 
30 have chambers C 1( C 2 , C 3 and C„ a LoadLock (LL) as well as 
one or more robots . 

"Process sequence- is the order in which processes are 
applied to a given wafer. For example, P n is the name of the 
n-th process (e.g., etch) and, P t , Pj , Pj< {which also ^ ^ 
35 written as p^p,-^) i s a process sequence. 

"Processing capability" of a cluster tool is the result 
of mapping a required process sequence onto the set of 
chambers within the tool. The image of this mapping is 
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called a "trace" kv»- 

may be ' eXamP ' 3 Pr ° CeSS Se ^— Px-P^P 

*ay be mapped onto four chambers C C c * 

trace ^' c *' c j and C 4 to yield a 



LL-K^-MC, v C 3 )->C 4 -»LL. 



1 * ^j-h-^ll. 
Note that processes P and p . 

C respectively, while^oclss P Tf^ ^ ^ C ' - 
Process p « , 2 * Wad inCo <">e 

Stage" i s a s^t 1 

correspond to the same I °' Which 
ne same process. Wafers v^-if- 

chamber from a give n stage The notat ^ °™ 

15 that wafers can m ffieans 
afers can move to either chambers C or C or r . 
only into one of the chambers • , ' " ^ 

oo^rised of ^ Iparaiui . „ a stage 

Generally speaking, the tern, -scheduL- 
and repeatable sequence of wafer S T 3 £lnite 

20 ^ *«. More forlu y . tt S °t tT^ 

possxble wafer and robot states A t *" ° £ 

•letters, f rom a finite set "f states T" 9 °' ™*° U 
word, sv^ols are represents u tLsV^ * " * 
»• ^r example, if , . {0 „, " ^ f ™ "» 

» are all possible l « s ' ^ <•■»•«.•>.- 

(0,1) (1 i) f0 n • 111 ^P^t S and 

">ol. ^r example as is V "ate of the 

Utter „ay define the partic'arT ^ « 

30 wafers „i thin . tool J ^t.onin, of a wafer or 

Broadly spring. \IZ »** *» "» 

-heduie s is represented as ""^ ' 



35 S ' x y z ---uv...rtx, 
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which starts and ends with the same letter (e.g., X ) this 
is the only repeated letter, and a successor v of a given 
letter u must satisfy alphabet dependent rules, i.e., rules 
which define a valid trace. 

5 Traces are available in three different configurations, 

A trace is a parallel trace if it is comprised of exactly 
one stage; a trace is a serial trace if each stage has 
exactly one chamber and a trace is a mixed trace if it is 
neither serial nor parallel. (Clearly, to have a mixed 
10 trace, the number of chambers in the trace is at least 

ZTel A " t0 * ta ° tt * 1 " thSre is * Camber 

whose name appears more than once in the trace (that is, the 

corresponding process sequence contains a processing loop, 
To 11 ustrate. Pigs. 3 and 4 schematically depict 4-stage 
15 serial and mixed traces, respectively. 

Fig. 5 depicts a high level flow diagram of the 
schedule optimization routine 212. The optimization routine 
contains a schedule generation routine 210 that produces all 

Routine 212 is an automated process that performs the 
following steps: 

a) Input a trace L (step 500), 

b, Produce all possible schedules over L (routine 210) 
using a two step. process, where the first step 
(step 508) generates all possible successor 
positions (letters) to which a wafer can be moved 
from a present position (letter) and the second 
step (step 510) uses a backtracking technique to 
change wafer positions such that other successor 
positions (letters) can be computed by step 508 
O Evaluate each of the schedules in (b, with respect 
to throughput (for a given set of robot and process 
parameters) (step 504), 
d) Record a schedule or a set of schedules which have 
the highest throughput for the given trace L (step 
506) . 1 Cep 

Since step (c) requires a throughput simulation program, for 
computational efficiency, steps (a) , (b) and (d) are 
generally incorporated into the simulation program 



35 

506) 
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A plurality of embodiments of t-h« « 

zzzrz vr- *• c ° - tion are 

3 letter. and .oduies needed'J c " " * *~ 

aiven in Section fi forT^T °' " « 

»i*ed end paraUel traces TV "* SeCU ° n C £or 

computations. Lastlv * „ , • 
» «- -eretin, an ITT^TJTT^ 

appUcaMe to en, trace „i th ort* « a r ^ ^ 
presented in Section E. ' 13 

B. Scheduie Generation for Seria! Traces 

with an n-tude fr„™ , *' a 1S ass °ciated 

« n tuple from the alphabet {0.1} n If ~ . 
i». 1 . 1 ' ' * If x is such a 

tuple, then, for i=i 2 „ ~ri « 

- ri ' 2 n; *W-0. if chamber c is ^ 

and x[i =1, if c „ on . 3 , i ^ ls empty, 

u j-j. contains a wafer t„ = 

20 representation, a schedule S s a f ^tH 

n- tuples, flnite strin S °f binary 

which starts and ends wit-v, •.», 
» - - cn ly repeated n^^ ^ 

- accordant::^;: Z^ZZ^ ^ " 

- ^ A am ' VH - 'W".=M. « T nis 

corresponds to a wafer oein g «^ trom the 

s a> If « [n]=l, then vfnl=o p n , nn , 

corresponds to a wafer being moved from r ■ 
loadlock) r ° m C » lnto the 
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s 3 ) If, for some ke {0 ,n}, Z [k] =i and u[k + l]=o, then v[*]=0 
and v[ k+ l] = i. For all i g ^^^^-(.j (Th . s 
corresponds to a wafer being moved from C k into C , 

5 FIG. 6 illustrates all possible schedules available (i e 
two schedules, i„ a 2-chamber serial trace. FIG. 6A depicts 
a schematic diagram of the 2-chamber serial trace of fig 7 
having a wafer in position represented by the 2-tuple ,l'o, 
These n-tuples are referred to herein as the coordinates ' o ' 

fig 6 7\ Fr0mp ° siti °" «••>■ t »e schedule of 

FIG. 6 dictates that the wafer is next moved to a position 
represented by the 2-tuple ,0.1,. i.e.. a wafer is now n 
chamber c, and no wafer is in chamber C„ Thereafter, the 
schedule may follow one of two paths, either the wafer in c 
15 is moved to the loadlodc ,a wafer positioning that is 

represented by 2-tuple ,0.0,, or another wafer is moved into 
chamber C, ,a wafer positioning that is represented by 

2-tupie a.m. „ such , each 2 _ tuple * 

20 POSlU ° nS f ° r 3 " afer ° r " a£e - validly 

20 fulfill a step in the trace. 

Similarly. FIG . 7. illustrates the seven possible' 
schedules available in a 3-chamber serial trace and FIG 7A 
depicts a schematic diagram of the trace of FIG. 7 having a 

S p =(l,l,l) (1,1,0) (1,0,1) (0,1,1,) (1,1,1) 

S -=< 1 '°.0)(0,1,0M0,0,1)(0,0,0)(1,0.0) 
S X =<1,0,1) (0,1,1) (0,1,0) (1,1, 0) (1,0,1) 
represents particular scheduling routines that are generated 
30 by the. schedule generator for a three chamber serLHrlcT 
Such schedules may contain a set of robot and chamber 
parameters that yield higher or lower throughput than other 
schedules in the set of all schedules. As such, the only 
way to determine an optimum schedule is to examine the 
3 5 throughput under all possible schedules and, using the 
optxnuzation routine, determine which of the schedules is 
optimal. 
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As mentioned above the ? n 

co 0rdinates) m regard ^; L^TT" ,position 

».«*• A finite string of letterTis f 

For exa^ le . string. . , " " t0 " * "° rd - 

^ I" this terminology ^J^T C "* "° rds - 
Wetter word ^ r "hedule s of length fc 

^as o, ly 0 :ti:^r it- — 

» built according to ruies ,s , 1 ^ 

in accordance with these rules all ^ T '"^ ^ 
10 schedule are different A £u n " J**™ in * 

«(i)w ( 2,...„ (n) 5UCh Lt w m(2 r d : ° is a wora 

schedule and w ( n,. W(1 ,. p!r * ' 

i.i) (i.i.o) ,i.o.i)(o i i IT, ° rd 

•("-(1.1.1, and W(4) = , ' 1 G SMr " X "here 

is thenwu,.;,,. '• (Gene » 1 ^ ««=;,=,...;,. 



Pro- the defi„ ition of . , 

Partial schedule, then u u • "'"> ••"» is a 

•Partial or full) provid ^ "j ' » « schedule 

to rules (s,, . ( s,, . and „ , " <™ «. -cording 

« »vwhere fro, 1 to ,n/ 2 u / '"^ ^ "~ 

\.n/zi+ i successors u mv. 

successors (variable nmb below) S . The numbe * of 

following function: bel ° W) 13 easil y determined by the 

function SerCountU k :i etter) : integer? 

i, nmb: integer : 
begin 

nmb:=o 

30 f ° r i i =1 to a-1 

if "J']=l and tt k [/+l] =0 
then nmb:=nmb+ 1; 

return (nmb) imoa 2) ' 



35 



~ ~ 

«• that «st he coated to co^ U e afl le "*" 

ompiete an exhaustive search. 
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Generating all SerCount(w) successors of a given letter 
u is not particularly difficult. As each successor of u is 
generated, it is stored in a binary matrix Z that has 
SerCount(w) rows and (n+1) columns. The last column of z is 
5 reserved for a Boolean variable that is set to true if the 
successor was used in a partial schedule and is set to false 
if the successor was not used. This entry is used later in 
the backtracking routine (discussed below with reference to 
FIG. 10) that generates all possible schedules for a given 
10 trace. The successors of a given letter are determined by 
the following function. 



function SerGenerator ( u : letter) : matrix- 
var 

15 i : integer; 

begin 

if u[i] = 0 then begin 

copy ( u , v ) ; 

v[l] = 1; 

20 store{v,Z); 

end;_ 

if u [n] =_lj:hen begin 

copy ( u , v ) ; 
v[n] = 0j 

25 store (v,Z); 

end; 

for_i:=l to n-JL 

if w[i]=l and a[i + l]=0. then begin 
copy (5,_v); 
30 v[/]=0; v[/ + l]:=l; 

store ( v t Z) ; 
end; 

return (Z) ; 

end; 



35 



40 



There are two functions which are used repeatedly in 
the above pseudo-code. Function copy U,v) returns letter 
u that is a replica of letter v . This manner of 
implementing rules (sj , (s a ) # and (33), in which the routine 
first copies u into v and \ then modifies v, is not 
inefficient because u and v differ in at most two 
coordinates. Function store (v,Z) copies letter v into a 
proper row of matrix Z. Note that in the above module, the 
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routine copies a b inaIy n . Cuple t „. c 

:nr tion - the routine c ° pi ~ <- — ~ * .- 

5 Using the ^regoing pseudo-code and ai 

a serial trace, the oseurfo „ 9 a letter " 

= / Lne pseudo-code oenerahao = ■ , 
successor lor*- * - generates all possible 

successor letters of u and stores t-w • 

example, in Fl G . 7 aiven \l 7 " Z " For 

/, given the letter (0 0 01 m, 

pseudo-code produces a string of valid ' 

- e.g., letters (li0§ [Qtl l ( lTor C T 0rletteiS ' 

a different initial letter a difJ ( °'°' 0) - Given 

successors is produced 3 i ' SSt ° f 

letters (i flf0) uTi, n' n ^'"'^ Produce 
' u '< (1.0,1), (l,o,0) and (0,1,0). 

5 °- Succe ^or Generation for Mixed and Parallel *i 

The representation ofannrht Paralle l Traces 
binary n-tuple is sliahM n ~ Chaa4,er mixe d trace by a 

P^e slightly more involved beca,,^ 

chambers. wher .m a :; fOUr ^ 

«.«.,. c !(b) ST,5 7 (b c ; ~ e - chamber 

Without loss of sen raU ^ ' ParalU1 ' 
chamber mixed trace is ™ " 15 "-—d that an n- 

'!.f 4 « \ r risea ° £ k — 

tuple x th» f " ^ P 0 " 1 " 0 ™ « a binary „. 

tuple x that corresponds to chambers Cj.c, c 

respectively then positions 1,2 |»| „ 

„,,„,. . ' Wl corresponds to 

chambers » stage X. positions W+Ijlfl+Vi 

correspond to chambers in staoe 2 , ' 

belongs to stage F " S ° <»>• " chamber c. 

cage , e , then . . n CQrre 

associated binary n-tude ? k., 

* tUPU ' bel °^ to F t and i.,, (while _ 

Xn'tn- 18 ° £ ^ =0nSeCUtiVe W ^ r ) 

in this representation, a schedule is a fin-, 
of binary n-tuples which start, „ ! 6 Strln 9 

men starts and ends with the same 
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binary n- tuple. This is the only repeated letter in the 
word, in addition, if v " is a successor of U, then u and v 
differ in at most two coordinates and the following rules 
define the relationship of u and v- 

5 i 

mx) If for some i e F v «[/] = 0, then v[i]=l. For all 
k * i, v[k] = u[k) (This corresponds to a .wafer being 
moved from the loadlock into stage 1.) 
, m 2 ) If for some i e F k , «[/]=!, then ^j = 0 FQr ftU 

10 J + t, v[j) = iM • (This corresponds to a wafer being 

moved from the last stage F k into the loadlock) . 
m 3 ) If for some i 6 F t and some j 6 F t+1 , u[i}=\ and 
«[/] = 0, then v[/] = 0 and v[;]=l. For all 
r e {/,,}, v[r] = 5[r]. (This corresponds to a wafer being 

15 moved from stage F t into the next stage F t+1 .) 

^determining the number of successors of a given 
letter u , it will be handy to define a sequence M o =0 tod 

where fc| is the size (number of chambers) of stage F t . The 
above sequence reflects the partition of the index set of u 
into stages. Clearly, M k =n, where n is the number of 

chambers. The number of successors of u is determined by 
25 the following function: 

function MixCount(« : letter) : integer; 

, n , t - i> Ji nmb: integer; 

30 begin 

nmb:=0 

for i:=l to M ± 

if «[i] = 0 

then nmb:=nmb+l 
35 for j'=^M k _ x to M k 

if u[i] = 1 

then nmb: =nmb+l 
for t:=l to Jt-1 
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for i.-l+jf^ to ^ 
for jf s -i+jf t to Mt+i 

if «[/]= 1 and u[j] = o 
then nmb:=nmfcH-l • 
return (mnb) 
end; 



0bVlOUSly ' " — - in the ^ pse . 

«~*nt« S , becomes SerCount,*, Mso T*^*' ^ 
10 trace, due to k -l th I\ S °' *° r ' a ^ ParaUel 

in the above pseudo-code are nun ""«-«. 

io r ,sin « *« on : a ^ 3 ~ nin9 ^ «« t» 

reduces to: "age) , the pseudo-code 

function ParCount(«-lett-^ • 

var v • .-tetter) : integer; 

i, nmb: integer- 
begin 

0 nmb-.sQ; 

for i : =i to n 

if «[/] a o or 5[/]=i 
then nmb:=nnib+l; 
return (nmb) 
5 end; 

which always returns nmb = „ Thus . 

Wtion Mi^nerator.iTaetter, :macrix; 

, t / i , j' : integer ; 
begin 

for i : =i to 

if =['J = 0 then begin 

£pPy Lu, v) ; "* ■ 
*!']:= 1; 
store ( v ( 2) 
end; 

for J^l+Jtf^ to 

lf «[y']= 1 then begin 

oopyU.v); 

fyJ-O; 

store ( v, 2) 
end; 

for t:=i to Jt-1 
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for i:=l+M t _ 2 to M t 
for J:=l+Jtf fc to M t+1 

if u[i] = 1 and u[j] = 0 then begin 
copy U , v) ; 
5 v[i]:=0; v[y]?=l; 

store ( v ,2) 
end; 

return (Z); 
end; 

10 

Functions copy (U.v) and store (v, 2 ) are the same as 
m the corresponding routine for serial traces. (Note that 
this time matrix Z has MixCount* rows and (n + l) columns ) 
Again, if M t =t and k=n in the above function, then 
15 MixGenerator(r7) becomes SerGenerator ( a ) . For pure parallel 
traces, due to k=l, a function .that generates successors of 
a given letter u is: 

20 va? Cti ° n ParGenerator < " = letter) :matrix ; 

i : integer; 
begin 

for i:=l to n 
begin 

25 copy (U,V); 

if w[i] = l 
then v[i']:=0 
else v[i] := l 

store (v,Z) 
30 end; 

return (Z) 
end; 

Note the similarity between functions that count 
3 5 successors and functions that generate successors, m fact 
conditions for identifying a successor are identical in both 
types of function; the difference is what is performed once 
the condition is detected. 

FIG. 8 depicts an illustrative schedule tree for a 
40 3-chamber mixed trace, (e.g., LL— *C X — > (C 2 vC 3 ) — >LL) , where the 
successors of a particular letter are determined using the 
MixGenerator(«) pseudo-code. FIG. 8A depicts a schematic 
diagram of the trace of FIG. 8 having wafers positioned in 
position (1,1, 0) . 
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Successor Generation That Includes r„w » • . 
When the schedule generation 7 ! Slti ° n 

movements, than to an inClUdSS robot 

ian co an n-chamber serial ♦•>.„ 

5 chambers C 1/C , n -v, aC6 ' prised of 
1 2 ° n ' the rout ine must associate a 

(n-H)-tuple from {0,l)n X{0 ,i. n} Tf - . 

then, for i=i, 2 , n ' '.f' lf * 13 s "<=h a tuple, 

if r ' lf Chamber Ci is empty; and 

*M. x£ Ci contains a wafer. Thus , as ^ 

coordinates of S are from (0,1, ^ J" [ ^ 

10 described by the last coordinate of i P ° Slti ° n * 

3- tuple (3CX..X) wh a . ' x ' in th « 

l - n r A 2»-x 3 ;, where x, and v = ^ 

*3 is a robot coordinate. \ e ^ ^^17^^ "* 

- robot is in a home p ositioa at J, « 

- robot is positioned at the loadloc*. " " ^'^ 

^t s n represent the alphabet of the abov. 
For example, if n=2 , then s . ^ — ocxatioo 

3 _. then S 2 « comprised of twelve 

-J -tuples, namely, 

For an n-chamber serial trace k I * „v 

crace, \S„\ xs the number of 

(n+1) -tuples from {0,l} n (fO , 

***** <n +1 ,- tuP1M Jrii^-: ? thus K - | -" ( " t,)2 "- 

» -»-t Sn . ^ before ^ ° « le " erS £ ™ ^ 

,0 '°" 0)<1 ' 0;1,,0 - 1;2) — '<, 1 .. 1 „, l!2) a.a..„ H , 0;1) 



3 0 is an 8- letter word. Note tw 

— Por ^"z^* r: r rv ontain re — 

schedule. WOrd ' not a 

In this representation, a schedule S 
^ string of the above described (n+ l, & ^ 
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S = xz-~uv-~yx , 



which starts and ends with the same letter and this is the 
only repeated letter. Furthermore, any two consecutive 
5 letters u and v (where v is a successor of u) differ in at 
most three coordinates and are related in accordance with 
the following rules: 



10 



15 



20 



25 



30 



a) If «[l] = 0and «[« + l] = 0, then v[l] = l and v[„ + l]=l. 

For all i e{ l. n *l), vtf^i]. (This correspondence to 
a wafer being moved from the loadlock to C ± . ) 

b) If u[n]=l and «[« + !] = „, then v[n] = 0and v[„ + l] = 0 . 
For all i «{„.»+!}. v[i] = «[/] • (This corresponds to a 
wafer being moved from C n into the loadlock.) 

O If for some r*{0,n} ( *[r] = l and «[r + l] = 0 and 

B[« + l]«r, then v[r] = 0 and v[' + l]=land v[« + l] = r + l. 
For all i #{r.r+l f n + l}. v [i] = . (This corresponds 
to a wafer being moved from C k into C (k+1) , where 
neither C k nor C (k+1) i s a loadlock.) 

d) If «[1] = 0 and «[« + !] = /where jf * 0, then v[n + l] = 0. 
For all i * n+ l, v[i\ = u\i). (This corresponds to a 
robot moving from home position at Cj to a home 
position at a loadlock in preparation for a wafer 
moving from the loadlock into Cj.) 

e) If «[„] = ! and u[n + l] = j where jVn, then v[n + l] = „. 
For all i * n+ l, v[i] = ff[/]. {This corresponds to a 
robot moving from a home position at Cj to a home 
position at C n in preparation for a wafer move from 
C n into loadlock.) 

f) If for some r * {0,n}, u[ r ]=l and u[r + l] = 0 and 
«[n + lj = y where j * r, then v[n + l] = r. For all i* 
n+l, v[i) = «[,]. (This corresponds to a robot moving 
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from a home position at c- to a h 

in n J to 8 ho «ie position at c 

m preparation for a wafer mrt • r 

wafer moving from CV into c 
Co represents the loadlock., W 

5 Note that rules , WI 

Prepositioned to move . tta£er . ^ 1 ^, t V 0b0t iS 

correspond to Prepositioning the rote fo "* 
^ -les < a) . (b) . ^ ^^^—^^ 

— i^n^rsr * ~ o£ — — - • 

-1— in . simUar as 1 r S ^ SUCCeSS0 " " 

mixed and serial trac ln the Previous cases for 

u <*> «,». zo jrr^ si 10 !" 9 the steps 

15 su ooessors is considerably large h * ° f 

transfer is possible ,. g ^ „ * « £ « 

a robot may Le'to i " ^ " "''' =l « 

. - ^ t te n. ^ins- r,:r;:r j e - 9 h : *~ 

routines for defcpr^ • " ac *ieve 

- successors thl^L^T " ~ «» 

functions used are modifies -0^ P ° Siti ° n ' the — 

SerOenerator, ff) (o r Mi^t ^ and fT* 1 '* 
the foregoing description of si T """"""^a > ) ■ Given 
-ixcountu-, andMiJI erac ° 0 f r( ^ C0Unt,ffl - •*»<•>. 

" a " «~M «adily «d lty thesl Lct^ 00 in th * 

robot position using the af W1Ctl ° ns to ^ount for 

thS af ° r «entioned rules (a)-( f) . 

Generating Schedules From A Tree. „ ■ 
Technique Usin <> a Backtracking 

techn^l™ s 9 tl 9 :^ IV PeCial ^"-tailored 
uraphs (usually trees such 7 ** Ucl " y dirTCted 
«- art. In the sched Ul "l^"^ ™ in 
algorithm is used in conjunct"' Z 10 """*' 3 
35 Pteviousiy discussed successor oen " "** °* the 

SerGenerator,,, or MixGen^Tn 7 T ^ ( '-- 
Possible schedule given a particular trie 



E 

3 0 
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Ut be the starting lfiCter o£ a scheduie 
the rules (or adding a successor letter as discussed in 

y a « lW2 •••« k . There are two 
questions to answer every tiM a new letter ^ is added „ 
partial trace S: 

a) Is «!« 2 • -"k^k+1 a full schedule?. 
*» If "l« 2 - « k « k+1 is a full schedule, are there 
other full schedules which have not been recorded? 

A word u^...^ is recognized as a full schedule if 
xt is built according to rules for successor letters and if 
there ex.sts an index i<k +1 such that u r -U k+1 ^ all 

15 fTV 1 •••"~ karediff — ^ to determine a 
15 full schedule a routine checks whether or not 

"k+l^i. i=l,2,...,k, 
for every newly appended letter u k+1 which is . ^ 
successor of u k . 

once it is found that u r -u ktl for so m e i<k + l. the 
= 0 routine either prints or stores the full schedule 

•W-'fcn- To find other schedules, the routine rloves 

y rron, the full schedule s and looks at so»e other unused 
successor of 5\ .-u • ea 

»k- If there xs such a successor, say letter 

' ^ r ° Utlne Ch6CkS i( »1 ...» k « 1= a full schedule. If 
» "1 ...» k » is. not a full schedule, the routine looks at 
unused successors of , and so on. „ - Ul ...u k Z is a full 

schedule, the routine removes I and looks at 

successor of ff t if t w= another unused 

" there «• no unused successors of ff v 
the routine 3 „es back (backtrack, and looks at unused 
30 successors of and so on, until the routine re Cur ns to 

he starting letter Basically, the routine contains the 

tollowing sequence of steps: 



4 

!0 5. 
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1- (Initialize., choose the letter u, of a schedule 

and go to Step 2. 
2. If schedule u.U, . . . . R is not ^ ^ ^ 

3. Else, go to Step 4. 
5 3. Find a successor letter (of ^ iettar ^ 

the schedule) which was not used, append it to the 
Partial schedule and go to step 2 . . I£ there are n0 
unused successors, go to step 5 
Print or store the schedule and go to step 5. 
a thereto no .ore schedules, then S TOP . Elae . go 

6- (Backtrack.) Remove the last letter from the 
complete schedule and go to step 3. 

" ^rT,^ r ° Utine mmm that ifc *« not print 

(store) duplicate schedules in step 4 as well as (Tl 

routine has printed (stored, all possihle sll^T tl 
former ls accomplished in Step 3 „ h p ro ,u 

letter, and there are no unused successors) . It is 

convenient to choose the first w,.- - 

£lrSt letter "1 so that it has only 

one successor, ecr tt -7i ~ 
2 s i 1 " X = f l' Where *k is the k-th 

25 colum, (row) of an n by n identity matrix 

For example, as illustrated in Pig 9 Srar ,. 
letter 0 fc - * startln 3 with 

j-ecter u, the routine builds a hr« ,,v, 

if 7 «. v "uxxas a tree whose nodes are letter* 

If x is such a node, the children of x ar« . ietter s. 
letter 7 *nri f . 6 succe ssors of a 

letter * and, for serial traces, there are exactlv 
3 0 SerCountCc) of the successors A. u tly 

_ _ successors. As such, the routine 

produces 0. 0 ?1 and 0,^ as successive partial schedules 
(The word 0« V2 is a directed path from node 0 to node ?2 , 
^ ei+?2 ^ *» «. successors (children, of e 2 . words 

and 0 e - 1?2?3 are partial schedules as well 
3= Now, e 3 has ^ successors ^ ^_ whne ^ 
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only ^one successor (e 1+ e 3 ). Hence, 0e 1 e 2 (e 1+ e 2 ) { e 1+ e 2 ) 
and Oe 1 e 2 e 3 (e 1 + e 3 ) and 0e 1 e 2 e 3 e^ are all partial 
schedules and so on. 

As mentioned previously, letters comprising a given 
5 word (or partial schedule) S are distinguished by their 
positions; so S(l) is the first letter in S, S(2) is the 
second, and so on. The level of a search tree is denoted by 
L this is also the length of a partial schedule. Partial 
schedules of length L are thus paths of length L in a search 
10 tree. Function sent (x) returns the number of successors of 
*. As such scnt(x) is either SerCount(x) or MixCount(r) or 
either of these for a model which includes robot movements. 
If S is a partial schedule of length L, then S + w or Sw is a 
partial schedule of length L + l and S(L + l)=w. Similarly, if 
15 length of S is L and S(L)=w, then S-w has length L-l (in 

short, + means append a letter and - means remove a letter). 

Finally, a commitment to data organization (structure) 
is necessary in an efficiently designed routine. Keep in 
mind that the number of chambers (and thus Che number of 
successors of a given word) is relatively small. Thus, it 
does not make any difference if the routine generates all 
successors of a given letter and stores them, as opposed to 
dynamically generating the successors one-by-one as the need 



20 



25 



35 



arises . 



A basic schedule generator routine can be summarized by 
the following five steps: 



1. Initialize the schedule: S<-0 and L<-1 and go to 
Step 2. 

3 0 2. *«-S(L) and 8<-cnt(x). store 8 successors of 

* • h*y 2 y 3 > and mark them unused. Go to step 3. 

3. S<-S + y, and L<-L + l and 8f-8-l. Mark y x used and go 
to Step 4. 

4. Compare S(L) with S(l), S(2) S(L-l), 

respectively, if S(i)=S(L) for some i<l, print S 
and L and go to Step 5; else, go to Step 2. 
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5 - S<-S-S(L) and Lf-L-1 If T ., „ 

6. If 5=0, go to Step 5. Else rflsni 

Else (8> 0 ), append an unused 

successor " 
to Step 2. 



— unused 



In step l, the routine in,n.T 
«- level of the search^TT ^ S ' « 

initialized to 1. ^ f J **' . *< »ust be 

10 for convenience, the routing lnitial * SChedule 

e routine uses a letter u 
successor. A letter n „ fc 1133 onl y °ne 

all chafers are e^ty ZTT * * SitUati ° n ** Which 
processing wafers) . * ' t001 ^ just ^S^n 

m step 2, the routine f ir c - - 

schedule Sfclearly. . . ' " * MrU<a 

number of successors of , 'i^Z^ f^" °» 

"** CL C sVof f"' ** 

the routine finds s tor Be „ lessor of a given letter, 

the f irst fi el d is the aoj^^. '»° 

" * *«- variable „ lth val ^ e ^ ^ field 
n=t used i„ . parcicular ^ «*• lessor was 

25 •■ «* th e routin p e ^^t: 1 : s -* ^ «— 

- - Us t of successors as oescri^ ^^^ 

of schedule -L is ^r^^^ T^ '■ ^ *««h 
30 successors of , ts decreased ^ T ,1"^ ° £ 

least one successor to any giv ^ ^J^" " U1 be at 

In step 4, the routine checks if <=' ■ 
by co*par in9 the newly added (toe last, , * ^ 
Previous letters S(l) SCI 7 ar Sa) ui th all 

35 ^"^everyti.ea^ew^ettlr': ^ 
Partial schedule.! If s,,, appended to a 

S<M is a repeated letter, the 
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routine prints (stores) the schedule; else, the routine 
continues with building the schedule. 

When a partial schedule becomes a full schedule, 
S(1)S(2) ...S(L), after storing the schedule, the routine 
5 removes the last letter S(L) and look for some other unused 
successor of S(L-l) . if there are some unused successors, 
the routine appends a successor to the partial schedule, 
finds its successors, appends one of these successors and so 
on. If there are no successors, the routine removes S(L-l) 

10 from'S and looks for unused successors of S(L-2) and so on. 
The program terminates when L=l and 8=0 (meaning there are 
no unused successors of the first letter) . 

The routine above is valid for any representation of 
the scheduling problem. That is, either serial or mixed 

15 traces with letters from {0,l} n or either of these traces 
with robot position being part of the model (and thus 
alphabet from. {0,l} n x {0,1.. ..n}). Clearly, functions that 
count and generate successors of a given letter are 
different each time. : ' 

20 Fig. 10 depicts a flow diagram of a schedule generation 

routine 1000 that operates as generally discussed above. 
The routine 1000 begins at step 1002 by initializing the 
schedule, e.g., setting an initial letter to an n-tuple 
(n-string) of zeros. At step 1004, the routine finds, 

25 stores and marks all unused successors of the last letter in 
a partial schedule. The successor letters are determined 
using the pseudo-code routines SerGenerator, ParGenerator 
and MixGenerator and the number of successor letters for 
each letter is determined using SerCount, ParCount and 

30 MixCount. Of course, as mentioned above, if the robot 
position is to be taken into account, these pseudo-code 
routines must be appropriately modified to accommodate the 
expanded letters and the modify rules of successor 
generation. 

35 Then, at step 1006, the routine appends an unused 

successor of the last letter to a partial schedule as well 
as increases the length of the schedule by one and decreases 
the number of unused successors by one. The routine 
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<*er les , at step 1008, whether the last letter of 
Partzal trace has been reached if th ! ° f the 

answered, the routine proceeds 'alona^ ***** " negativel y 
1004. if the i s III!?, '7 N ° Path to step 

c ^ M y 1S atrirmatively answered t-v,^ 

5 Pr ° Ceeds to ^p 1010 where the schedul! 

or stored. schedule ls either printed 

Steps 1012, 1014, 1016 and 1018 represent a 
backtracking process. At step 101? 1 

last letter of the schedule / !' removes the 

- and reduce the scheme g * ~ ~ 
the routine Series whether length oT i T ^ 
* the o.ery is af f irm ativel y answe^ h I * " ^ 

^ep 1016. However, if the ITZ ' St< * s at 

-e routine proceeds to ^ "ZTT '~' 

15 routine ^ eries whether J^™' At Step the 

last letter, if the 15 " ™ accessor to the 

^utine proce eds Z paT ZZ^T^ 

20 returns to step lool ^ ** r °? tine then 

Once all possible schedules * . . 
in memory. the schedules TZZJ tT™ SC6red 
throughput model. Specif icallv f ** * c °™°ntional 
the model to precttctTt^ t is used * 

schedule having the highest to «■* ">e 

«ith the highest throughput ^1 1,16 «*■**• 

control the sequencer ™! h ^ ° Ptil,,al «* is "sed to 
upon the sequent "omputer T"*™ . ^ * —ted 

'0 on a remote computer T^L " U 

t= the sequencer 6 ° PtllMl SChea " le - ^loaded 

scheduts^:^:ri;: n t rapidiy conw ~ au ~ 

schedules are th^^" T "^"^ «- 
* to determine the ITJZ scZZ T 

Present invention facilitates ,,T ** ^ the 

optimal schedule in a 7 det ^nation o £ an 
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Although various embodiments which incorporate the 
teachings of the present invention have been shown and 
described in detail herein, those skilled in the art can 
readily devise many of the varied embodiments that still 
5 incorporate these teachings. 
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What is claimed i S: 

1- A method of producing schedule * 

tool; Cne wafer ls Processed by the 

with the tool; and fer P° si tioning 

» value, where said valu oH ST ™ * 

*« a Partial schedule fo' or- ^ 

ie ror Processing a wafer. 

2. The method of claim i * ^ 
-Puting a total ^f^ZT^ * 
20 given variable value. derated from a 

3 • The method of claim 1 furhw 

in said partia! schedule and app^l ^ ° J™* 
25 m said partial schedule to JZ P ' C) t0 each val «> 

variable represent!^ l^Z^ T~ « 

—t additional partial schawl 

la) stopping said backtrackina when ,1 , 

variable value copious are pr^C Z^™"* 
30 possible valid schedules for said t»ce ™~ t aU 

« • The method of data 1 „ herein „ 

- a letter and a plurality of letters fori 

ord havxng no „ore than one repeated letter. 
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6. The method of claim 4 wherein each letter contains a 
n- tuple, where n represents a total number of wafer 
positions within said trace. 

5 7. The method of claim 6 wherein n represents a total 

number of wafer positions within said trace plus a transport 
robot position. 



10 



8. The method of claim 3 further comprising the step of: 

'(f) identifying at least one schedule in all possible 

valid schedules that provides an optimal throughput for the 
trace . 

9. The method of claim 8 wherein said identifying step (f) 
15 further comprises the step of computing the throughput for 

each and every schedule of said all possible schedules and 
selecting an optimum schedule for the trace which produces 
the highest throughput. 

20 10. The method of claim 3 wherein said backtracking step 
(d) further comprises the steps of: 

(a') initializing a schedule to an n-string of zeros 
having a length of one; 

<b') identifying all. unused successors of a last letter 
2 5 in a partial schedule; 

(c«) appending an unused successor to said partial 
schedule; 

(d» ) increasing the length of the partial schedule by 
one and decreasing a number of unused successors by one; 

(e') querying whether the last letter of the partial 
schedule is the same as a previous letter in the partial 
schedule and, if not, repeat steps (b' ) , (c), (d' ) and (e') 
until the last letter of the partial schedule is the same as 
a previous letter in the partial schedule; 

(£') storing the partial schedule as a full schedule 
and storing the length of the full schedule; 

(g' ) removing the last letter of the full schedule to 
produce a new partial schedule and decreasing the length of 
the full schedule by one; 
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(h') querying whether the length of rt 0 
schedule is one and. if the len gth Ts oL \ * * 
otherwise, proceeding tQ ^ £ " ° ne ' ^op ping; 

d') querying whether' there ar , 

(3 ) appending the unused successor to t*.' 
schedule, .arming the successor as usTan d T * 
10 number of successors by one; and decreasing the 

(k') returning to step (b'). 

11. The method of claim i 

values are defined £ ™cc««or 

U prescribed Z ^r ^T™ « 
y water processing parameters. 

e3 " rd C ° Cr ^Port robot positioning. 

13 . Apparatus for producing schedules f„, „ 
wafer in a .ulticha.ber JLJ^J^^ 1 ' 
Wrng a trace defining a series of c^Zl^ZT^ ^ 
vxsrted by a wafer as the wafer is proceed 
said apparatus comprising, P r ^=ad by the tool. 

a sequence generator beirv* j , . 
value of a variable defining ln ""l"*< with an initial 
within the too! or ! ""^ Wa£er ^itioning 

present m^^TU^- 1 - ~ ^ 
initial value, where said values Z » * the 

-ther. for, a partial ^Z^^ ^ 

~g™ s nir: 13 £urther — - 

aerated fro m a ^Z^^^^ 

15. The apparatus of claim n . ^, 

" or claim 13 further comprising 

~r:zr= r ~- : : — • 

said partial schedule as an i selec ^ng each value in 

ecrule as an input to said sequence generator 
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which produces further values of said variable representing 
additional series of values that represent additional 
partxal schedules, whereby all possible schedules for said 
trace are generated. 

5 

16. The apparatus of claim 15 further comprising a 
throughput model, coupled to said sequence generator for 
computing a throughput value for each possible schedule in 
said all possible schedules. 
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17 The apparatus of claim 16 further casing ^ £or 
xdentifyang at least one sohedule that has the iargest 
throughput value. 

15 18 A schedule data structure,' stored in a computer 

readable storage medium, of a schedule for processing a 

wafer in a multimember semiconductor wafer processing tool 
comprising: 

a plurality of n-tuples, where n is a total number of 
20 possible wafer positions, and the plurality of n-tuples 
contains only one duplicate n-tuple. 



30 



19. 



The sohedule data struoture of claim 18 wherein n is a 
total number of possible wafer positions plus a position of 
25 transport robot position. 



20. 



The sohedule data structure of claim 18 wherein the 

n-tuple has a form (x^.x, ^ . where , de£ines 

contents of a particuiar chamber at a particular point in a 

TTTt * 3 ValUe ° *" 3 " 3fer " "* P-itioo- 

i„ T ft" ^ 3 ValUS ° £ 1 Wh6n 3 " a£er is P<==itioned 
in the chamber. 
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